Comorbidities in Neurology represent a major conceptual and therapeutic challenge. For example, temporal lobe epilepsy (TLE) is a syndrome comprised of epileptic seizures and comorbid symptoms including memory and psychiatric impairment, depression, and sleep dysfunction. Similarly, Alzheimer's disease (AD), Parkinson's disease (PD), and Amyotrophic Lateral Sclerosis (ALS) are accompanied by various degrees of memory dysfunction. Patients with AD have an increased likelihood for seizures, whereas all four conditions share certain aspects of psychosis, depression, and sleep dysfunction. This remarkable overlap suggests common pathophysiological mechanisms, which include synaptic dysfunction and synaptotoxicity, as well as glial activation and astrogliosis. Astrogliosis is linked to synapse function via the tripartite synapse, but astrocytes also control the availability of gliotransmitters and adenosine. Here we will specifically focus on the 'adenosine hypothesis of comorbidities' implying that astrocyte activation, via overexpression of adenosine kinase (ADK), induces a deficiency in the homeostatic tone of adenosine. We present evidence from patient-derived samples showing astrogliosis and overexpression of ADK as common pathological hallmark of epilepsy, AD, PD, and ALS. We discuss a transgenic 'comorbidity model', in which brain-wide overexpression of ADK and resulting adenosine deficiency produces a comorbid spectrum of seizures, altered dopaminergic function, attentional impairment, and deficits in cognitive domains and sleep regulation. We conclude that dysfunction of adenosine signaling is common in neurological conditions, that adenosine dysfunction can explain comorbid phenotypes, and that therapeutic adenosine augmentation might be effective for the treatment of comorbid symptoms in multiple neurological conditions.
Introduction
Temporal lobe epilepsy (TLE), Alzheimer's disease (AD), Parkinson's disease (PD), and Amyotrophic Lateral Sclerosis (ALS) share a wide range of comorbid symptoms, which involve increased neuronal excitability and a wide range of cognitive and psychiatric symptoms. This remarkable overlap suggests the existence of common pathogenic mechanisms, which include synaptic dysfunction and synaptotocicity (Jensen, 2011; Noebels, 2011; Swann and Rho, 2014; Zhou and Roper, 2012) , inflammatory processes (Kobow et al., 2012; Miller and Spencer, 2014; Perry, 2012) , and glial activation (Ravizza et al., 2013; Stanimirovic and Friedman, 2012; Suvisaari and Mantere, 2013) . Although several mechanisms might contribute to the development of comorbid symptomatology, we will here address and focus on the 'adenosine hypothesis of comorbidities', which suggests that adenosine deficiency per se can be a sufficient cause for the generation of a wide spectrum of symptoms shared among seemingly distinct neurological conditions. The purine ribonucleoside adenosine is an endogenous modulator of brain activity (Boison, 2007a; Dunwiddie, 1980; Etherington and Frenguelli, 2004; Fredholm et al., 2005b; Ribeiro and Sebastiao, 2010) that acts as endogenous ligand of four types of G protein coupled adenosine receptors (A 1 , A 2A , A 2B , and A 3 ) (Chen et al., 2013) . As component of ATP, adenosine has maintained an evolutionary ancient role to adapt metabolic activity to available energy supplies (Newby, 1984) . Whereas ATP degradation is a major source for adenosine, physiological adenosine levels are kept low by efficient metabolic clearance. Because physiological adenosine levels are about 100,000 times lower than ATP levels, fluctuations in adenosine tone will not affect the availability of ATP, which is primarily derived from the de novo biosynthetic pathway leading to the formation of IMP (Boison, 2013; Fredholm et al., 2005a; Fredholm et al., 2005b; Fredholm et al., 1984) .
In the brain adenosine fulfills two very different, seemingly opposing roles. As a homeostatic regulator and retaliatory metabolite adenosine sets the inhibitory and general neuroprotective 'tone' via activation of widespread inhibitory A 1 Rs (Meghji and Newby, 1990) . On the synaptic level however, adenosine facilitates synaptic function via activation of stimulatory A 2A Rs (Cunha, 2001 (Cunha, , 2008 . Whereas the tonic inhibitory pool of adenosine is thought to be largely under the control of astrocytes, the stimulatory pool of adenosine acting at the synapse level is likely derived from neurons to allow a highly localized modulation of individual synapses (Cunha, 2001 (Cunha, , 2008 Lovatt et al., 2012; Meghji and Newby, 1990) . These two parallel, but different functions of adenosine have likely evolved to increase salience of synaptic transmission in a tonically inhibited network, a mechanistic strategy to enhance the signal to noise ratio (Cunha, 2001) . The ability of neuron-derived adenosine to facilitate synaptic function via A 2A R activation contributes to synaptotoxicity and is a rational explanation for the neuroprotective effects of caffeine and A 2A R antagonists (Cunha, 2005) .
In addition to the adenosine receptor dependent effects described above, adenosine provides biochemical feedback inhibition of DNA methylation and thereby assumes a role as modulator of epigenetic functions (Williams-Karnesky et al., 2013) . Through a combination of adenosine receptor dependent and independent functions, adenosine assumes the role of homeostatic network regulator capable to affect several different signaling pathways and biochemical enzyme reactions in a synergistic manner (Arch and Newsholme, 1978; Boison et al., 2013; Cunha, 2001; Newby, 1984) . Adenosine homeostasis in the brain is largely under the control of metabolic clearance through adenosine kinase (ADK) expression in astrocytes (Boison, 2013) . Here we propose that maladaptive changes in adenosine homeostasis occur during the pathogenesis of temporal lobe epilepsy (TLE) and likewise in neurodegenerative conditions such as Alzheimer's disease (AD), Parkinson's disease (PD), and amyotrophic lateral sclerosis (ALS).
Synaptotoxicity, immune activation, inflammatory processes, and glial activation play a major role in the pathogenesis of all four conditions (Aronica et al., 2012; Jensen et al., 2013; Lucin and Wyss-Coray, 2009 ), leading ultimately to astrogliosis, overexpression of ADK, and a deficiency in the availability of adenosine -a sequence, which has been identified as characteristic pathological hallmark of human TLE (Aronica et al., 2013) . Through the tripartite synapse astrocytes interact with neurons (Araque et al., 1999; Halassa and Haydon, 2010) and adenosine itself affects synaptic function (Duarte et al., 2012; Matos et al., 2012a; Silva et al., 2007) with a gain of function of synaptic A 2A Rs contributing to synaptotoxicity and adaptive processes of astrocytes affecting glutamate homeostasis and thereby synaptic function (Matos et al., 2012a; Matos et al., 2012b; Matos et al., 2015) . Thus, a self-reinforcing triad of astrocyte activation, adenosine dysfunction, and synaptotoxicity may contribute to the development of comorbid symptomatology. Here we will focus here on astrogliosis and adenosine deficiency as common pathological hallmarks in Neurology.
Because data on cause-effect relationships of adenosine dysfunction and disease pathogenesis are sparse we will present largely correlative and conceptual advances in support of our hypothesis. The development of an adenosine deficient 'comorbidity model' (see below) however suggests that adenosine deficiency per se might be sufficient to trigger a wide range of comorbid symptoms. The apparent common overlap of maladaptive changes in adenosine homeostasis suggests common pathogenic mechanisms, which might be tied to common triggers of disease initiation. For example, the ADK hypothesis of epileptogenesis suggests that a precipitating injury triggers an acute surge in adenosine, which facilitates inflammatory processes and glial activation, resulting in astrogliosis, overexpression of ADK and adenosine deficiency, which in turn drives hypermethylation of DNA (Boison, 2008; Li et al., 2008; Williams-Karnesky et al., 2013) . Similar mechanisms might also play a role in neurodegenerative conditions. If adenosine deficiency is a common pathological hallmark in a wider range of neurological conditions, then therapeutic adenosine augmentation might have the potential to treat comorbid conditions, such as those discussed here, in a holistic manner.
Glial activation -a common histopathological finding in Neurology
Clinical neurological findings show a remarkable overlap in symptom presentation across seemingly unrelated neurological conditions. In the search for common substrates and mechanisms for comorbidities in Neurology, we will focus primarily on histopathological findings and astroglial pathology. Those descriptive data sets conceptually support our hypothesis that certain histopathological changes (e.g. glial activation) might provide a substrate for comorbid symptom genesis. We will first discuss clinical and histopathological data in an attempt to find common pathological substrates for comorbid symptoms found in epilepsy, AD, PD, and ALS, and then discuss the role of astrogliosis and adenosine dysregulation in more detail.
In the adult brain adenosine levels are largely under the control of metabolic clearance through astrocytes (Boison et al., 2010) and the astrocyte-based enzyme ADK, which in conjunction with equilibrative nucleoside transporters provides an efficient metabolic reuptake system for adenosine (Boison, 2013; Studer et al., 2006) . Genetic disruption of the Adk gene in glial, but not in neuronal cells, induces the release of adenosine (Fedele et al., 2004) . Conversely, the genetic overexpression of Adk in astrocytes is sufficient to induce epileptic seizures by reducing the tissue tone of homeostatic adenosine, which results in reduced activation of the inhibitory A 1 R (Li et al., 2007a; Shen et al., 2014) . Reduced A 1 R activation promotes excitatory neurotransmitter release and decreases the postsynaptic membrane potential (Fredholm, 1995 (Fredholm, , 2010 . Indeed, deficiency of A 1 Rs increases neuronal excitability and can be a direct cause for electrographic seizure activity Li et al., 2007a; Masino et al., 2011) . If intracellular ADK expression levels are low, astrocytes can release adenosine directly through equilibrative nucleoside transporters; conversely, overexpression of ADK in conjunction with astrogliosis causes adenosine deficiency and spontaneous recurrent seizures Li et al., 2012; Li et al., 2008; Shen et al., 2014) . New data sets from our laboratory show that astrogliosis ( Fig. 1) and overexpression of ADK ( Fig. 2-5 ) are found in human brain specimen from patients with epilepsy, AD, PD, and ALS. Although the findings presented in this section are correlative and descriptive, they suggest the existence of common pathophysiological mechanisms.
Temporal lobe epilepsy
Several clinical studies indicate that patients with epilepsy have a high prevalence of both psychiatric and somatic comorbidities, which may precede, co-occur with, or follow the diagnosis of epilepsy [for reviews see (Gaitatzis et al., 2004; Gaitatzis et al., 2012; LaFrance et al., 2008) ]. Psychiatric disorders, including cognitive changes, attention deficits, psychosis, and personality changes, as well as depression, anxiety, and migraine occur more frequently in people with epilepsy than in the general population, particularly in patients with refractory epilepsy. Importantly, neurodegenerative conditions such as dementias and Alzheimer' disease (prevalence ratio 6.3 and 8, respectively) and Parkinson' disease (prevalence ratio, 3.2) appear more frequently in people with epilepsy (Gaitatzis et al., 2004; Gaitatzis et al., 2012) . A recent study supports a structural basis for psychiatric comorbidities in patients with TLE, pointing to synaptic dysfunction, as well as to aberrant plasticity within hippocampal networks (Kandratavicius et al., 2012) . Several studies revealed an association of dentate gyrus (DG) pathological changes with long-term seizure histories and cognitive dysfunction suggesting a compromised regenerative capacity of the DG in a subpopulation of TLE patients Coras et al., 2010) . Further evidence suggests similar mechanisms underlying cellular aging and neurodegeneration are also widespread in other forms of epilepsy such as in developmental lesions associated with chronic intractable epilepsy Prabowo et al., 2014) .
Hippocampal sclerosis (HS) is the most common neuropathological finding in patients undergoing surgery for intractable TLE. Histopathologically, HS is defined by specific features, including a characteristic pattern of neuronal cell loss associated with astrogliosis ( Fig. 1 A-B) . The neuronal cell loss involves mainly the CA1, CA4, and CA3 subfields, whereas the CA2 subfield is often spared. As described several years ago, another characteristic feature of HS is represented by the sharp interface of neuronal loss between CA1 and the subiculum, which is preserved (Thom et al., 2009) ; Fig. 1 A) . The criteria for the diagnosis of HS are summarized in the International League Against Epilepsy (ILAE) report, which classifies HS into 3 subtypes, based on the histological patterns of subfield neuronal loss and gliosis . Other alterations in HS include dispersion of the granule cell layer of the dentate gyrus, alterations of interneuronal populations and mossy fiber sprouting (Thom, 2014) . These features may represent a useful diagnostic to distinguish HS associated with chronic epilepsy from other causes of HS [e.g. HS with dementia/neurodegeneration; (Bandopadhyay et al., 2014) ]. Because the reorganization of excitatory and inhibitory networks in the dentate gyrus appears to be a characteristic of HS associated with chronic epilepsy, subtle alterations of the dentate gyrus may also occur in HS with dementia (Bandopadhyay et al., 2014) .
Astrogliosis is a pathological hallmark of various types of medically refractory focal epilepsy, including TLE associated with HS (Sofroniew and Vinters, 2010; Thom et al., 2009) . Activation of astrocytes is also observed in focal malformations of cortical development, such as focal cortical dysplasia (FCD) and cortical tubers in patients with tuberous sclerosis complex (TSC), which are among the most common causes of pharmacologically intractable epilepsies in children and young adults [for reviews see (Aronica and Crino, 2014; Aronica et al., 2012) ]. The presence of astrogliosis in epilepsyassociated pathologies has stimulated extensive research focused on the role of reactive astrocytes in the pathophysiological processes that underlie the development of epilepsy. In both experimental and human epileptic tissues astrocytes undergo complex changes in their physiological properties (including dysregulation of astroglial Kir channels and gap junction proteins), which can alter glio-neuronal communication, contributing to seizure precipitation and recurrence and suggesting an astrocytic basis for epilepsy (Seifert et al., 2010; Seifert et al., 2006; Seifert and Steinhauser, 2013; Steinhauser et al., 2012) . Astrocytes initiate, regulate and amplify immune-mediated mechanisms involved in different neurological disorders, including epilepsy (Aronica et al., 2012; Devinsky et al., 2013; Farina et al., 2007; Vezzani et al., 2008) . Astrocytes also release the gliotransmitters glutamate, D-serine, and ATP, which all influence neuronal networks, and dysregulation of gliotransmitter release has been implicated in epilepsy pathophysiology (Halassa et al., 2007; Vezzani et al., 2011; Zorec et al., 2012) . In addition, astrocytes can influence network excitability in epilepsy through dysfunctional adenosine homeostasis, resulting from changes in ADK expression levels (Aronica et al., 2013; Boison, 2008) . Overexpression of ADK has been reported in specimens of patients undergoing surgery for pharmacologically refractory TLE with HS [(Aronica et al., 2013; Masino et al., 2011) ; Fig. 2 B-C). Higher expression of ADK has been detected in the peritumoral infiltrated tissue of patients with epileptogenic astroglial brain tumors (de Groot et al., 2012) . Increased ADK expression has likewise been observed in reactive astrocytes and balloon/giant cells of FCD and TSC specimens (Fig. 2 F-G) . Increased ADK in epilepsy is expected to lower the tissue tone of adenosine and thereby to increase neuronal excitability and to precipitate seizures (Li et al., 2007a; Li et al., 2012; Li et al., 2008) .
Alzheimer's disease
Both psychiatric and somatic comorbidities have been reported in AD and may influence AD progression, accelerating cognitive decline (Amore et al., 2007; Cechetto et al., 2008; Craft, 2009; Perez-Madrinan et al., 2004; Schmidt et al., 2011) . Neuropsychiatric symptoms, (including depression, apathy, agitation, or psychosis) are a key disabling component of AD and understanding their neurobiological substrates represents a crucial challenge for AD research (Geda et al., 2013) . Recently, there has been growing interest in the comorbidity between AD and epilepsy (Larner, 2010) . Unprovoked seizures, such as complex partial seizures, occur in AD more frequently than in the general population and it is estimated that at least 10% to 20% of all AD patients have at least one unprovoked seizure (Mendez and Lim, 2003; Rao et al., 2009; Scarmeas et al., 2009) . Seizures usually are observed in later stages of the disease and may be unrecorded or interpreted as confusion or delirium [for review see (Larner, 2010 (Larner, , 2011 ]. Early-onset AD increases the relative risk of seizure development up to 80-fold (Amatniek et al., 2006; Mendez and Lim, 2003; Rao et al., 2009; Scarmeas et al., 2009 ). An attractive hypothesis is that the pathogenic mechanisms underlying seizure development and cognitive impairment may overlap, suggesting a bidirectional link and possible common disease mechanisms, which include remodeling of GABAergic circuits, aberrant integration and sprouting of newborn neurons, and the ability of beta-amyloid to deregulate synaptic plasticity (Palop and Mucke, 2009 ).
The neuropathological hallmarks of the AD brain are represented by parenchymal deposits of Aβ peptide (extracellular accumulation as diffuse or focal deposits) and intracellular accumulation of tau protein (as neurofibrillary tangles, neuropil threads and degenerating neurites in the corona of neuritic plaques/senile plaques), associated with progressive synaptic and neuronal loss, as well as reactive processes involving activation of astrocytes and microglial cells [(Duyckaerts, 2011) ; Fig. 1 C-D] . The combination, density and distribution of Aβ deposits, neurofibrillary tangles, and neuritic plaques allows the neuropathological diagnosis. Recently, the National Institute on Aging-Alzheimer's Association has published a new guideline for the neuropathologic assessment of Alzheimer's disease, which recognizes the existence of a pre-clinical stage of AD and recommends the evaluation of the severity of Aβ deposits in addition to neurofibrillary degeneration and neuritic plaque formation according to an "ABC" score (Hyman et al., 2012; Kovacs and Gelpi, 2012) .
The contribution of glial activation in the onset and progress of neurodegenerative processes in AD is becoming increasingly recognized (Agostinho et al., 2010; Sofroniew and Vinters, 2010) . Activated microglia and astrocytes release pro-inflammatory cytokines, chemokines, and reactive oxygen and nitrogen species, which all can disrupt nerve terminal activity and cause synaptotoxicity, which correlates with memory decline (Agostinho et al., 2010) . In a seminal review article on this topic it was suggested that these phenomena precede the neuronal death associated with late stages of AD; thus, therapeutic strategies designed to control the activation of microglia and astrocytes and thereby curb the excessive production of pro-inflammatory and pro-oxidant factors hold promise for the control of neurodegeneration in dementia (Agostinho et al., 2010) . Reactive astrocytes are often associated with amyloid plaques (Fig. 1 C-D) and astrogliosis increases in parallel with the progression of AD pathology (Simpson et al., 2010; Sofroniew and Vinters, 2010) . Accordingly, Aβ plays a role in activating astrocytes, but particularly in the context of the more complex environment of the neuritic plaque (Nagele et al., 2004; Simpson et al., 2010) . Particular attention has focused on the ability of reactive astrocytes to degrade extracellular deposits of Aβ (Pihlaja et al., 2008; Wyss-Coray et al., 2003) , as well as on their involvement in the mechanisms of immune regulation in AD (Cornejo and Hetz, 2013; Fernandez et al., 2013; Mrak and Griffin, 2005; Salmina, 2009) . Reactive astrocytes may increase neuronal vulnerability to excitotoxicity and oxidative stress, through different mechanisms, including uptake of glucose and release of lactate, as well as by the uptake of glutamate and the release of glutamine (Fuller et al., 2009; Steele and Robinson, 2012) . Recent studies ascribe a specific role of astrocytic A 2A Rs in the ability of Aβ-induced impairment of glutamate uptake, which may provide an astrocyte-dependent mechanistic basis for glutamatergic synaptic dysfunction and synaptotoxicity in AD (Matos et al., 2012a) . Importantly, astrocytic A 2A Rs were found to be upregulated in human AD (Orr et al., 2015) . Since the genetic deletion of A 2A Rs in astrocytes and neural progenitor cells during brain development enhanced memory (Orr et al., 2015 ) the authors of this study concluded that AD-linked increases in astrocytic A 2A receptor levels contribute to memory loss. These findings contrast with a recent study, in which the selective deletion of A 2A Rs in postnatal astrocytes, triggered decreased working memory through a mechanism involving the disruption of glutamate homeostasis via aberrant GLT-I activity, increased presynaptic glutamate release, NMDA-R 2B subunit upregulation, and increased internalization of AMPA-R (Matos et al., 2015) . Accordingly, selective GLT-I inhibition or blockade of GluR1/2 endocytosis prevented impaired working memory in the mutant animals (Matos et al., 2015) . These findings demonstrate that astroglial A 2A Rs critically influence synaptic function and cognitive performance. Focal dysregulation of ADK expression/function in reactive astrocytes may represent an additional mechanism potentially contributing to the pathogenesis of the disease. Interestingly, we observed an increased expression of ADK in astrocytes surrounding amyloid deposits and tangle-containing neurons in patients with AD ( Fig. 3 A-D) , including also patients with Down syndrome (not shown). Increased ADK is expected to generate a local deficiency in homeostatic adenosine, an endogenous neuroprotectant of the brain (Cunha, 2005; Ribeiro, 2005; Stone et al., 2009) , and thereby increase the likelihood for neurodegeneration via decreased activation of neuronal A 1 Rs and astroglial A 2A Rs.
Parkinson's disease
Apart from the impairment of motor functions, the quality of life in PD is further complicated by higher rates of cognitive and psychiatric comorbidities, in particular depression (Dobkin et al., 2011; Marsh, 2013; Menza et al., 1993; Reijnders et al., 2008) which have been related to underlying neuropathological lesions (Paulus and Jellinger, 1991) , however the underlying mechanisms of comorbidities in PD remain still unknown (Marsh, 2013) . Association with epilepsy has been evaluated only in a minority of population studies, although cognitive impairment and depression are also common comorbid disorders in TLE (Gaitatzis et al., 2012; Szot, 2012) .
The pathological hallmarks of the PD brain are represented by α-synuclein immunoreactive deposits in both neurons (intraneuronal cytoplasmic inclusion; Lewy body, LB; Fig. 1E ), as well as in dystrophic neurites, associated with progressive neuronal loss in several subcortical nuclei [i.e. substantia nigra pars compacta, locus coeruleus, nucleus basalis of Meynert; (Duyckaerts, 2011) ]. The neuropathological changes may be extended supratentorially to cortical regions and α-synuclein pathology often involves the peripheral autonomic system. Recent studies suggest that neuron to neuron or a trans-synaptic spread of α-synuclein pathology underlies the disease progression (Desplats et al., 2009 ) and may represent a unifying pathogenetic mechanism in different neurodegenerative disorders (Hallbeck et al., 2013; Jellinger, 2010; Polymenidou and Cleveland, 2012 ).
The neuronal cell loss is accompanied by mild to moderate astrogliosis (Fig. 1F ) and microglia upregulation (Duyckaerts, 2011; Forno et al., 1992) . The neuronal cell loss in PD is accompanied by astrogliosis, and the extent of reactivity correlates with progression of neurodegeneration and disease stage in Parkinsonian syndromes (Duyckaerts, 2011; Song et al., 2009) . Several studies point to the role of reactive astrocytes in mediating the effects of both genetic and environmental factors contributing to dopaminergic neurodegeneration, although neuroprotective activities have been also reported (L' Episcopo et al., 2010; McGeer and McGeer, 2008; Nam et al., 2012; Rappold and Tieu, 2010; Vila et al., 2001) . Astrocytes are also a target of PD pathology, since subpopulations of astrocytes accumulate abnormal proteins such as α-synuclein, parkin, and phosho-tau (Song et al., 2009) . Early dysfunction of astrocytes, associated with α-synuclein accumulation, might contribute to the recruitment of microglia and amplification of the inflammatory response, leading to neurodegeneration in restricted brain regions (Halliday and Stevens, 2011) . Several studies highlight the key role of astrocytes in inflammatory and oxidative stress mechanisms, which contribute to disease progression [for review see (Niranjan, 2014) ]. Moreover, increased expression of ADK is observed in reactive astrocytes in both substantia nigra and necortex of PD patients (Fig. 4 C-F) . Increased ADK and resulting adenosine deficiency is expected to promote neurodegeneration and to affect motor function through altered adenosine/ dopamine receptor interactions (Franco et al., 2007; Fuxe et al., 2007a; Fuxe et al., 2007b) .
Amyotrophic lateral sclerosis
Dementia is relatively frequent in ALS and may be a consequence of either frontotemporal lobar degeneration or result from co-existing Alzheimer's disease (Rusina et al., 2010) . Frontotemporal dementia frequently co-occurs with ALS and common cellular mechanisms between ALS and frontotemporal dementia, as well as with other neurodegenerative diseases have been suggested (Robberecht and Philips, 2013) . Similarly to other neurodegenerative diseases, psychiatric comorbidities, including depressive symptoms with a prevalence of mild and severe depression of 29% and 6%, respectively, have been reported in patients with ALS (Atassi et al., 2011; Ferentinos et al., 2011; Woolley et al., 2011) . A recent study reveals that the prevalence of dementia, parkinsonism, and depressive symptoms was significantly higher in the ALS cohort compared to the general population (Korner et al., 2013) . In the same cohort the rate of patients with epilepsy was slightly higher in patients with ALS compared with the general population (Korner et al., 2013) .
Histopathologically, amyotrophic lateral sclerosis (ALS) is characterized by degeneration of both upper and lower motoneurons associated with prominent astrogliosis (Fig. 1G-H ) and microglia activation (Duyckaerts, 2011) . Atrophy of the anterior horn and pallor of the white matter of the lateral and anterior corticospinal tracts is often detected and, particularly in patients with long-term survival, a more wide spread pathology with extramotor involvement can be observed. The presence of a large variety of intraneuronal inclusions is a key to diagnosis, representing the hallmark of ALS. Recently TDP-43 has been identified as major ubiquinated protein present in the large majority of ALS cases (Duyckaerts, 2011) .
Experimental and clinical observations have suggested a role for non-neuronal cells, in particular astrocytes, in ALS pathogenesis (Hall et al., 1998; Lasiene and Yamanaka, 2011; Levine et al., 1999; Neusch et al., 2007) . Mechanisms contributing to the loss of astrocytemediated neuroprotective functions, as well as to astrocyte-mediated neurotoxicity have been reported in ALS (Lepore et al., 2008; Martorana et al., 2012a) . Accordingly, a subpopulation of spinal cord astrocytes has been shown to degenerate in ALS and impaired astrocytic functions, such as clearance of extracellular glutamate have been described (Lasiene and Yamanaka, 2011; Martorana et al., 2012b; Neusch et al., 2007) . Moreover, accumulating evidence supports the involvement of astrocyte-mediated inflammatory responses in ALS pathogenesis (Lasiene and Yamanaka, 2011; McGeer and McGeer, 2002; Rizzo et al., 2014; Sta et al., 2011) . Similarly to the above discussed pathologies, also in ALS we observed an upregulation of ADK expression in reactive astrocytes, compared to controls (Fig. 5 A-D) . As discussed in the sections above, increased ADK and decreased tissue adenosine would promote neurodegenerative processes.
Epigenetic changes in epilepsy and neurodegenerative diseases
Increasing evidence suggests that epigenetic mechanisms contribute to the pathogenesis of epilepsy and neurodegenerative conditions (Kobow and Blumcke, 2011; Lubin, 2012; Millan, 2012; Qureshi and Mehler, 2010; Restrepo et al., 2011; Williams-Karnesky et al., 2013) . Epigenetic changes do not affect the DNA sequence itself but affect DNA methylation or histone tail modifications, resulting in long-lasting alterations in chromatin structure and gene expression. Epigenetic mechanisms play key roles in fundamental regulatory processes in brain development, synaptic plasticity, and memory, but also play a role in neurologic disorders such as epilepsy and neurodegenerative disorders. The methylation hypothesis of epileptogenesis suggests that seizures by themselves can induce epigenetic chromatin modifications, thereby aggravating the epileptogenic condition (Kobow and Blumcke, 2011) . Importantly, DNA within epileptogenic brain areas is hypermethylated, both in human specimen from resective surgeries as well as in rodent models of TLE (Kobow et al., 2009; Kobow et al., 2013; Williams-Karnesky et al., 2013; Zhu et al., 2012) . Although hypermethylation of DNA in the brain has been associated with epilepsy, there has been a lack of direct evidence demonstrating a causative role for increased DNA methylation in epilepsy progression. In a recent study we therefore explored the role of adenosine in reversing epigenetic changes associated with epilepsy (WilliamsKarnesky et al., 2013) . We found that induction of epilepsy in a rat model led to increased hippocampal DNA methylation that was associated with increased expression of ADK and increased metabolic clearance of adenosine, which is a negative feedback inhibitor of transmethylation reactions (Boison et al., 2002b; Williams-Karnesky et al., 2013) . Importantly, the transient focal therapeutic delivery of adenosine to the epileptogenic hippocampus corrected epilepsy-associated changes in DNA methylation and prevented disease progression. These findings indicate that changes in DNA methylation are tightly linked to the status of adenosine homeostasis and constitute a key determinant of the progression of epilepsy; consequently, treatments that augment adenosine may reverse DNA hypermethylation and break the cycle of increasing seizure severity (Williams-Karnesky et al., 2013) . In conclusion, overexpression of ADK in epilepsy might drive DNA methylation by providing enhanced metabolic clearance of the transmethylation inhibitor adenosine, thereby inducing a status of hypermethylated DNA in the epileptic brain.
As in epilepsy, hypermethylation of DNA might also play a role in the pathophysiology of neurodegenerative diseases. In a recent study of AD patients, 5-methylcytidine (5mC) as well as 5-hydroxymethylcytidine (5hmC) immunoreactivity was significantly increased in middle frontal gyrus and middle temporal gyrus compared with age-matched controls (Coppieters et al., 2014) . Global levels of 5mC and 5hmC positively correlated with each other and with markers of AD including amyloid beta, tau, and ubiquitin loads. Importantly, these findings demonstrate global hypermethylation in the AD brain (Coppieters et al., 2014) . DNA methylation profiles of human hippocampus from AD patients, revealed promoter hypermethylation of the dual-specificity phosphatase 22 (DUSP22) gene, which is a likely candidate gene for the pathogenesis of AD since it determines tau phosphorylation status and CREB signaling (Sanchez-Mut et al., 2014) . Distinct changes in DNA methylation patterns have also been observed in patients with PD and ALS (Martin and Wong, 2013; Masliah et al., 2013) and increased global DNA methylation has been suggested as a biomarker for ALS (Tremolizzo et al., 2014) . Together, these findings suggest that epilepsy and neurodegenerative conditions may share global changes in the methylome as a consequence of altered adenosine homeostasis.
Evidence from adenosine-deficient comorbidity model
Although the examples from the preceding sections are based on correlative and conceptual reasoning, they suggest that a deficiency in adenosine -as might be expected as a consequence of astroglial activation and overexpression of ADK -can mechanistically explain the generation of a wide spectrum of symptoms commonly seen as comorbidities shared across several neurological conditions. To experimentally test the hypothesis that adenosine deficiency may cause a spectrum of comorbid conditions we generated a 'comorbidity model' in mice by ubiquitous overexpression of the cytoplasmic isoform of ADK using a human ubiquitin promoter driven transgene of mouse Adk cDNA (Fedele et al., 2005) . As a result, these Adk-tg mice were characterized by constitutive overexpression of transgenic ADK throughout the brain, with particularly high levels in hippocampal pyramidal neurons. Expression of the ADK transgene resulted in a >2-fold increase in global brain ADK activity and lack of modification of the EPSC response following the pharmacological blockade of A 1 Rs in mossy fiber CA3 synapses demonstrating a reduction in hippocampal adenosine levels (Fedele et al., 2005) . Overexpression of ADK resulted in a 50% reduction of tissue levels of adenosine . With a set of biosensor and electrophysiological studies we demonstrated that transgenic manipulation of ADK (i) critically influences the basal tone of adenosine, (ii) determines the degree of tonic adenosine dependent synaptic inhibition, which correlates with differential plasticity at hippocampal synapses with low release probability, (iii) modulates age-dependent effects of BDNF on hippocampal synaptic transmission, an action dependent upon co-activation of adenosine A 2A receptors, and (iv) influences GABA A receptor-mediated currents in CA3 pyramidal neurons (Diógenes et al., 2014) . These examples demonstrate that disruption of adenosine homeostasis affects several different downstream signaling pathways of adenosine simultaneously.
Phenotypically, Adk-tg mice are characterized by (i) spontaneous recurrent electrographic hippocampal seizures at a rate of around 4 seizures per hour with each seizure lasting around 20 seconds (Li et al., 2007a; Li et al., 2008) ; (ii) severe learning deficits in the Morris water maze task and in Pavlovian conditioning (Yee et al., 2007) and attentional impairment as demonstrated in the latent inhibition paradigm (Shen et al., 2012) ; (iii) altered locomotor control as evidenced by reduced A 2A R activation and lack of responsiveness to amphetamine (Shen et al., 2012) ; (iv) altered sleep physiology as shown by a remarkable reduction of EEG power in low frequencies in all vigilance states, by increased wake time and a 20% reduction in rapid eye movement (REM) sleep time, and by attenuation of the physiological effects of sleep deprivation.
Together, these findings represent the first -and to the best of our knowledge -only direct causal data sets demonstrating that overexpression of ADK in the brain and resulting adenosine deficiency are sufficient to precipitate a wide range of symptoms commonly found in the comorbid conditions discussed in this review. More specific work will be needed to address spatial, temporal, and cell-type specific requirements of ADK to modulate the symptomatology discussed here. New animal models and viral expression vectors have already been created, which will be used to address those questions in future studies.
Adenosine-dependent mechanisms and therapeutic applications
Clinical as well as experimental data suggest that a triad of synaptotoxicity, astrogliosis, and overexpression of ADK, resulting in a deficiency of homeostatic adenosine can directly cause a wide spectrum of comorbid symptoms shared across several neurological conditions ( Figure 6 ). If adenosine deficiency is sufficient to precipitate comorbidities, then therapeutic adenosine augmentation should ameliorate those symptoms. New research data indeed suggest that therapeutic adenosine augmentation may provide benefit for a wide range of conditions in addition to seizure control. In the following we will provide conceptual advances that might provide reasonable mechanistic explanations how adenosine deficiency might functionally be linked to the development of distinct neurological symptoms. In support of our hypotheses we provide direct experimental evidence for the therapeutic benefits of adenosine augmentation therapies.
Seizures
Adenosine is an endogenous anticonvulsant of the brain and responsible for seizure arrest and postictal refractoriness (Boison, 2012b; Dragunow, 1991; Dunwiddie, 1980; During and Spencer, 1992) . The anticonvulsant effects of adenosine are mediated largely via activation of pre-and postsynaptic adenosine A 1 receptors, which mediate presynaptic inhibition and stabilize the postsynaptic membrane potential, respectively (Boison et al., 2010; Chen et al., 2013; Fredholm et al., 2005b; Fredholm and Dunwiddie, 1988) . Consequently, therapeutic adenosine augmentation is a powerful therapeutic strategy to suppress epileptic seizures, even those that are refractory to conventional antiepileptic drugs (Boison, 2012a; Gouder et al., 2003; Huber et al., 2001) . Several lines of evidence suggest that endogenous adenosinebased control mechanisms fail in chronic epilepsy. Histopathological and biochemical analyses from specimen surgically resected from patients with intractable epilepsy show decreased expression levels of A 1 receptors (Glass et al., 1996) and increased expression levels of ADK Masino et al., 2011) . Likewise in rodent models of temporal lobe epilepsy reduced expression of A 1 Rs and a general failure of adenosinedependent endogenous anticonvulsant mechanisms has been demonstrated (Rebola et al., 2003) . In line with these findings, overexpression of astroglial ADK and resulting adenosine deficiency has consistently been associated with the expression of spontaneous recurrent seizures in a wide range of clinically relevant rodent models of epilepsy Gouder et al., 2004; Li et al., 2012; Li et al., 2008) . Importantly, overexpression of ADK during epileptogenesis correlated both spatially, as well as temporally with the onset of spontaneous recurrent seizures (Li et al., 2007a; Li et al., 2012) , whereas spread and generalization of seizures from the ADK-overexpressing ictogenic brain area was prevented by endogenous A 1 R dependent control mechanisms Li et al., 2012) . The most direct evidence that overexpression of ADK can trigger recurrent seizures was achieved by local overexpression of the enzyme via an adeno associated virus (AAV) based vector engineered to selectively overexpress ADK in astrocytes. AAV-based overexpression of ADK in astrocytes of hippocampus or cortex triggered recurrent seizures at a rate of 1 to 4 electrographic seizures per hour (Shen et al., 2014; Theofilas et al., 2011 ). These findings demonstrate that the failure of endogenous adenosine-based control mechanisms can be a direct cause for epileptic seizures.
Therapeutic adenosine augmentation (as opposed to receptor agonists that still suffer from major systemic side effects) is now a well validated strategy for the suppression of epileptic seizures in a wide range of rodent models of epilepsy (Boison, 2012a) . Focal implant-or cell-based adenosine augmentation prevented seizures in two species (mice and rats), and three different models of TLE (mouse intrahippocampal kainic acid; rat systemic kainic acid; rat hippocampal kindling) (Boison et al., 2002a; Boison et al., 1999; Gouder et al., 2003; Gouder et al., 2004; Güttinger et al., 2005a; Güttinger et al., 2005b; Huber et al., 2001; Li et al., 2009; Li et al., 2008; Li et al., 2007b; Ren et al., 2007; Szybala et al., 2009; Theofilas et al., 2011; Williams-Karnesky et al., 2013; Wilz et al., 2008) . Importantly, therapeutic adenosine augmentation suppressed carbamazepine-resistant seizures in the intrahippocampal kainic acid model of TLE (Gouder et al., 2003; Gouder et al., 2004) . To date, the therapeutic efficacy of focal adenosine augmentation has been demonstrated in a combined total of >300 epileptic rodents. Dose response studies have shown that intraventricular doses of 50-500 ng adenosine / kg body weight / d provide effective seizure suppression in rodents, whereas doses of up to 5 mg ADO / kg / d were without sedative side effects (Güttinger et al., 2005b; Huber et al., 2001; Li et al., 2008; Li et al., 2007b; . The therapeutic efficacy of intracranial adenosine has independently been reproduced by Robert Fisher in a study to prevent bicuculline-induced ictal and epileptiform discharges (Anschel et al., 2004) . In a recent study from Paul Boon's group adenosine has been infused with osmotic pumps into epileptic rats in which TLE was induced by systemic KA-induced SE (Van Dycke et al., 2010) . In this independent validation in a TLE model, a 33% reduction in seizure rate was reported in the adenosine-treated animals. Together, our (Gouder et al., 2003; Güttinger et al., 2005a; Huber et al., 2001; Li et al., 2007b; Szybala et al., 2009; Williams-Karnesky et al., 2013; Wilz et al., 2008) and independent data sets (Van Dycke et al., 2010) demonstrate that adenosine effectively suppresses seizures in at least 3 rodent models of mTLE.
Cognition
Adenosine affects cognitive processes on several mechanistic levels through locally refined neuronal and astroglial A 2A R signaling effects and modulation of glutamatergic, dopaminergic, GABAergic, and BDNF-dependent mechanisms. Hippocampal A 2A Rs provide essential roles for LTP at mossy fiber-CA3 and at CA3-CA1 synapses (Costenla et al., 2011) . Activation of the A 2A R leads to transactivation of the TrkA and TrkB receptors for BDNF, even in the absence of neurotrophins (Lee and Chao, 2001) . Whereas A 2A R activation facilitates BDNF release and BDNF-induced potentiation of synaptic transmission (Diogenes et al., 2004; Tebano et al., 2008) , genetic or pharmacological interference with A 2A R function leads to decreases in BDNF levels (Tebano et al., 2008; Wei et al., 2014) , reduced TrkB expression and activation in the hippocampus, and impairment of BDNFdependent LTP (Assaife-Lopes et al., 2010; Jeronimo-Santos et al., 2014; Lee and Chao, 2001) . In line with those findings pharmacological or genetic disruption of A 2A R signaling reduced LTP in hippocampal and cortico-accumbal (Costenla et al., 2011; d'Alcantara et al., 2001; Rebola et al., 2008) and cortico-striatal (Flajolet et al., 2008) synapses.
Although the convergence of epidemiological and experimental data support a role of A 2A Rs in neurodegenerative processes the relative (and possibly opposing) roles of neuronal vs. astroglial A 2A Rs are currently unknown. New findings suggest that the astroglial A 2A R affects cognitive function through a novel mechanism involving astrocyte-driven neuronal adaptation processes (Matos et al., 2015) . We identified a novel molecular mechanism linking astrocytic A 2A R-driven control of astrocytic GLT-1 activity and dynamic adaptation processes of glutamatergic synapses to neurodegeneration, cognitive impairment, and altered motor responses (Matos et al., 2015) . This mechanism might play a previously unrecognized role in the regulation of cognitive performance and suggest that deficient activation of astroglial A 2A Rs might compromise cognitive function. In line with this notion, a recent cell transplantation study has shown that local suprahippocampal implants of baby hamster kidney fibroblasts engineered to release therapeutic amounts of adenosine (Huber et al., 2001 ) reversed working memory deficits in Adk-tg mice in a delayed alternation task in the T-maze (Shen et al., 2012) . Wild-type implants or implants of the adenosine releasing cells into the striatum did not affect cognition in these animals. These findings show that adenosine augmentation to the hippocampus can improve cognitive performance.
Psychosis
Psychosis, as seen in several of the comorbidities discussed here, as well as in schizophrenia, is tightly linked to hyperdopaminergic function (Tost et al., 2010) , which in turn is at least partly under the control of adenosine: Reduced activation of presynaptic A 1 Rs can trigger increased availability of dopamine (Borycz et al., 2007) leading to increased basal activity of the dopamine D 2 receptor, thus promoting psychosis (Seeman and Kapur, 2000) . In addition, in the basal ganglia adenosine directly modulates dopaminergic signaling through complexes formed between adenosine and dopamine receptors (Fuxe et al., 2003; Fuxe et al., 2007a; Fuxe et al., 2007b; Fuxe et al., 2010) . Although D 2 R-A 2A R complexes remain to be documented in the prefrontal cortex, they have been suggested to be of particular relevance for the psychotic endophenotypes of schizophrenia (Rial et al., 2014) . Postsynaptic D 2 Rs in turn form heterodimers with A 2A Rs and this interaction is antagonistic, whereby reduced activation of the A 2A R enhances D 2 R function (Fredholm and Svenningsson, 2003; Fuxe et al., 2003; Trifilieff et al., 2011) . Thereby, hypofunction of adenosine not only leads to increased dopamine, but also promotes the D 2 R mediated responses, whereby decreased activation of A 2A Rs would increase D 2 R signaling through the A 2A R-D 2 R complexes, thus promoting the dopaminergic hyperfunction in psychosis (Ferre, 1997; Ferre et al., 1994) . A link between ADO hypofunction and SZ is supported by clinical evidence demonstrating increased enzymatic degradation of adenosine in SZ patients (Brunstein et al., 2007; Dutra et al., 2010) . Most recently, reduced striatal ectonucleotidase (adenosine producing enzyme) activity was found in schizophrenia patients (Aliagas et al., 2013) . A meta-analysis of six randomized controlled trials comparing adenosine modulators with placebo as adjuvant therapy in patients with schizophrenia demonstrated benefits in overall psychopathology (especially positive symptoms) in schizophrenia (Hirota and Kishi, 2013) . In particular, the adenosine reuptake inhibitor dipyramidole used as an adjuvant with the antipsychotic haloperidol significantly decreased psychotic symptoms in schizophrenia patients (Akhondzadeh et al., 2005; Akhondzadeh et al., 2000) . In addition, the acute use of the competitive adenosine receptor antagonist caffeine affects dopaminergic neurotransmission and is known to worsen psychosis in persons with schizophrenia; further, an acute dose of caffeine may cause psychosis in susceptible persons (Cerimele et al., 2010; Hedges et al., 2009; Tibrewal and Dhillon, 2011; Williams and Gandhi, 2008) . Together these data suggest that adenosine dysfunction might be implicated in human psychosis and that therapeutic adenosine augmentation might be a rational approach for intervention. This hypothesis was recently tested in a pre-pulse inhibition paradigm in mice that taxes gating functions commonly disrupted in schizophrenia. The ADK inhibitor ABT-702 improved pre-pulse inhibition both in normal mice, as well as in mice, in which pre-pulse inhibition was disrupted by apomorphine (Shen et al., 2012) . These seminal findings strongly support a novel anti-psychotic like role of therapeutic adenosine augmentation a finding that is not necessarily in contradiction to previous findings suggesting a mood stabilizing role of chronic caffeine and A 2A R antagonists Gomes et al., 2011; Lucas et al., 2011) . Effects of adenosine homeostasis and signaling on psychiatric parameters likely depend on different sources of adenosine (astroglial vs. neuronal) and the fine-tuning of opposing signaling-effects orchestrated by astroglial vs. synaptic adenosine receptors and regional differences within the brain.
Depression
Although adenosine deficiency in depressive disorders has not directly been demonstrated, accumulating evidence suggests that augmentation of adenosine has potent anti-depressive like effects. One night of total sleep deprivation, known to augment adenosine signaling in the brain (Basheer et al., 2001; Benington et al., 1995; Mackiewicz et al., 2003) , is one of the most effective treatments for the treatment of major depression (Hemmeter et al., 1998; Hemmeter et al., 2010) . S-adenosylhomocysteine, a precursor of adenosine, is widely used for the treatment of major depression and several studies suggest therapeutic benefits (Carpenter, 2011; De Berardis et al., 2013) . Likewise, complementary and alternative approaches known to increase adenosine such as sleep deprivation (Benington et al., 1995) , exercise (Dworak et al., 2007) , or acupuncture (Goldman et al., 2010) have demonstrated antidepressive effects (Hines and Haydon, 2014; Nahas and Sheikh, 2011) . Both sleep deprivation as well as electroconvulsive therapy lead to upregulation of A 1 Rs (van Calker and Biber, 2005) . The most conclusive direct experimental evidence for a role of adenosine in major depression has recently been provided by Phil Haydon's group (Hines et al., 2013) . Using an elegant approach combining dnSNARE mice, which are impaired in gliotransmission, with sleep deprivation and an A 1 R agonist, Phil Haydon's group recently demonstrated that astrocytic signaling to A 1 Rs was required for the robust reduction of depressive-like behaviors in mice following 12 hours of sleep deprivation (Hines et al., 2013) . These findings suggest that therapeutic adenosine augmentation might constitute a promising approach for the treatment of comorbid depression in a wide range of neurological and neuropsychiatric disorders.
Motor control
Psychomotor activity is strongly regulated and fine-tuned by A 2A Rs in the striatum. Whereas A 2A Rs on striatopallidal neurons mediate the motor-stimulant effects of caffeine , A 2A Rs on striatopallidal medium spiny neurons antagonize D 2 R function and potentiate psychomotor activity (Schiffmann et al., 2007) . In contrast, the A 2A R located on striatal glutamatergic terminals modulates glutamate release and corticostriatal synaptic transmission (Ciruela et al., 2006; Martire et al., 2011; Quiroz et al., 2009; Rosin et al., 2003; Tozzi et al., 2007) . Reduced activation of A 2A Rs in extrastriatal forebrain neurons therefore attenuates behavioral responses to psychostimulants such as cocaine, amphetamine, or L-DOPA (Bastia et al., 2005; Fredduzzi et al., 2002; Shen et al., 2008; Xiao et al., 2006) . Together, these findings suggest that any disruption in adenosine homeostasis will affect psychomotor activity. As outlined in a preceding section, Adk-tg mice have lost responsiveness to amphetamine. If adenosine deficiency is responsible for the lack of dopaminergic stimulation of psychomotor responses, then therapeutic adenosine augmentation should restore locomotor responses to amphetamine. Indeed, the transplantation of adenosine releasing BHK cells into the striatum, but not the transplantation of wild-type cells into striatum, or of adenosine releasing cells into the hippocampus, restored responsiveness to amphetamine (Shen et al., 2012) . These findings suggest that adenosine augmentation to the striatum may augment dopaminergic function in neurodegenerative conditions.
Sleep
Adenosine is a key regulator of sleep homeostasis and sleep-associated cognitive performance (Basheer et al., 2004; Bjorness et al., 2009; Blutstein and Haydon, 2012; Halassa et al., 2009; Porkka-Heiskanen et al., 1997) . A 1 R agonists and antagonists induce and suppress sleep, respectively, via basal forebrain-mediated mechanisms (Benington et al., 1995; Ticho and Radulovacki, 1991; Virus et al., 1990) . Likewise, the intracerebroventricular infusion of an A 2A R agonist increased sleep, whereas the same drug had no effects in A 2A R knockout mice (Satoh et al., 1998; Satoh et al., 1999; Scammell et al., 2001; Urade et al., 2003) . It is now widely accepted that the arousal effects of caffeine are largely based on blockade of the A 2A R in the shell of the nucleus accumbens (Huang et al., 2005; Lazarus et al., 2011) . In line with those findings any disruption in adenosine homeostasis is likely to result in a pathologically altered sleep phenotype. Since lower levels of adenosine promote and increase in wakefulness and since higher levels of adenosine have sleep promoting properties, therapeutic adenosine augmentation may improve overall sleep quantity and quality and thereby promote cognitive performance.
Outlook and Conclusions
Based on the pathophysiological and mechanistic findings and related therapeutic opportunities described in the preceding sections it is tempting to conclude that at least a subset of the epilepsies and neurodegenerative conditions discussed here are acquired syndromes that share common inflammatory processes, glial activation and resulting disruption of adenosine homeostasis. We propose that apparently distinct syndromes share common etiologies and that the nature, timing, and spatial configuration of a precipitating event (e.g. an injury or hypoxic event) determines whether those common pathogenetic mechanisms lead to the development of 'epilepsy' with a predominant seizure phenotype or the development of a neurodegenerative condition such as Alzheimer's Parkinson's, or ALS. In support of this hypothesis conditions exist that display remarkable overlapping pathologies between ALS, Parkinson's and Alzheimer's disease. 'Western Pacific Amyotrophic Lateral Sclerosis and Parkinsonism-Dementia Complex' is a neurodegenerative condition, which is precipitated by the exposure to cycad plant toxins; importantly, the resulting neuropathology is a tauopathy, which is remarkably similar to that found in Alzheimer's disease (Kisby and Spencer, 2011; Spencer et al., 2012; Spencer et al., 2010) . Interestingly, the pathophysiological course of the disease appears to depend on the dose of the precipitating toxin: those exposed to the highest dose of the toxin develop fatal ALS (with sub-clinical nigrostriatal damage) relatively shortly after exposure; those exposed to intermediate doses survive with amyotrophy long enough to develop atypical parkinsonism; those exposed to low doses reach old age and display dementia, while others with the lowest exposure levels have subclinical neurofibrillary disease reminiscent of early aging (Spencer et al., 2012; Spencer et al., 2010) .
Although several pathophysiological mechanisms are likely to contribute to the development of comorbid symptomatology in Neurology, we conclude from the correlative, conceptual, and causal evidence presented here that dysfunction of adenosine signaling is common in neurological conditions, that adenosine dysfunction may explain comorbid phenotypes shared among seemingly unrelated neurological conditions, and that therapeutic adenosine augmentation might be an highly effective approach for the treatment of a comorbid spectrum of symptoms in multiple neurological conditions. Therapeutic augmentation of adenosine signaling can be achieved pharmacologically with receptor agonists, with inhibitors of adenosine metabolism, or with inhibitors of transport (Boison, 2012a; Boison et al., 2010) . However, due to the ubiquitous distribution of those drug targets, wide-spread systemic side effects currently limit therapeutic implementation (Boison, 2012a) . Adenosine kinase inhibitors represent some of the most promising adenosine elevating agents (Boison, 2013; Kowaluk and Jarvis, 2000; McGaraughty et al., 2005) . Although the long-term use of those agents might be limited by hepatotoxicity (Boison et al., 2002b ) recent findings suggest that short term adenosine augmentation provides long-term benefit via lasting adenosine-induced epigenetic changes (Williams-Karnesky et al., 2013) . These findings may provide a new clinical perspective for the use of ADK inhibitors (Boison, 2013) . Alternatively, dietary interventions such as therapy with a high-fat low-carbohydrate 'ketogenic diet' (KD) or lifestyle choices such as exercise are known to increase adenosine in the brain (Dworak et al., 2007; Masino et al., 2011) . KD therapy is remarkably effective in preventing seizures in epilepsy while providing additional benefits to cognitive function and overall well-being (Freeman, 2009; Kossoff and Rho, 2009; Lutas and Yellen, 2013; Masino and Rho, 2012) . Currently KD therapy is considered for the treatment of Alzheimer's disease (Aso et al., 2013; Van der Auwera et al., 2005 ), Parkinson's disease (Cheng et al., 2009) , and amyotrophic lateral sclerosis (Zhao et al., 2006) . It may well be that a therapeutic intervention known to increase adenosine signaling in the brain has therapeutic promise for a wide range of neurological and neuropsychiatric disorders. Akhondzadeh S, Shasavand E, Jamilian H, Shabestari O, Kamalipour A. Dipyridamole 
